A brief history of climate – the northern seas from the Last Glacial Maximum to global warming by Eldevik, Tor et al.
lable at ScienceDirect
Quaternary Science Reviews 106 (2014) 225e246Contents lists avaiQuaternary Science Reviews
journal homepage: www.elsevier .com/locate/quascirevA brief history of climate e the northern seas from the Last Glacial
Maximum to global warming
Tor Eldevik a, *, Bjørg Risebrobakken b, Anne E. Bjune b, Carin Andersson b,
H. John B. Birks c, g, h, Trond M. Dokken b, Helge Drange a, Mirjam S. Glessmer a,
Camille Li a, Jan Even Ø. Nilsen d, Odd Helge Otterå b, Kristin Richter e, Øystein Skagseth f
a Geophysical Institute, University of Bergen, and Bjerknes Centre for Climate Research, Bergen, Norway
b Uni Research Climate, and Bjerknes Centre for Climate Research, Bergen, Norway
c Department of Biology, University of Bergen, and Bjerknes Centre for Climate Research, Bergen, Norway
d Nansen Environmental and Remote Sensing Center, and Bjerknes Centre for Climate Research, Bergen, Norway
e Institute for Meteorology and Geophysics, University of Innsbruck, Innsbruck, Austria
f Institute of Marine Research, and Bjerknes Centre for Climate Research, Bergen, Norway
g Environmental Change Research Centre, University College London, London, UK
h School of Geography and the Environment, University of Oxford, Oxford, UKa r t i c l e i n f o
Article history:
Received 15 October 2013
Received in revised form
18 June 2014
Accepted 23 June 2014
Available online 6 August 2014
Keywords:
LGM-to-future
North Atlantic, Nordic seas, and Arctic
Climate
Marine
Terrestrial
Reconstruction
Observations
Climate model
Temperature
Thermohaline circulation* Corresponding author. Geophysical Institute, Unive
N-5007 Bergen, Norway. Tel.: þ47 55582602.
E-mail address: tor.eldevik@gfi.uib.no (T. Eldevik).
http://dx.doi.org/10.1016/j.quascirev.2014.06.028
0277-3791/© 2014 The Authors. Published by Elseviera b s t r a c t
The understanding of climate and climate change is fundamentally concerned with two things: a well-
defined and sufficiently complete climate record to be explained, for example of observed temperature,
and a relevant mechanistic framework for making closed and consistent inferences concerning cause-
and-effect. This is the case for understanding observed climate, as it is the case for historical climate
as reconstructed from proxy data and future climate as projected by models. The present study offers a
holistic description of northern maritime climate e from the Last Glacial Maximum through to the
projected global warming of the 21st century e in this context. It includes the compilation of the most
complete temperature record for Norway and the Norwegian Sea to date based on the synthesis of
available terrestrial and marine paleoclimate reconstructions into continuous times series, and their
continuation into modern and future climate with the instrumental record and a model projection. The
scientific literature on a variable northern climate is reviewed against this background, and with a
particular emphasis on the role of the Norwegian Atlantic Current e the Gulf Stream's extension towards
the Arctic. This includes the introduction of an explicit and relatively simple diagnostic relation to
quantify the change in ocean circulation consistent with reconstructed ocean temperatures. It is found
that maritime climate and the strength of the Norwegian Atlantic Current are closely related throughout
the record. The nature of the relation is however qualitatively different as one progresses from the past,
through the present, and into the future.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The poleward transport of heat and salt by the North Atlantic
Ocean's thermohaline circulation (THC) is a principal component of
the global climate system. Its northern surface limb e the Norwe-
gian Atlantic Current e progressively gives up its excess heat en
route toward the Arctic (Fig. 1), and thus moderates the regionalrsity of Bergen, PO box 7803,
Ltd. This is an open access article uclimate. This interaction between a variable ocean circulation and
climate is therefore central to current understanding of past, pre-
sent, and projected future climate change in the northern seas re-
gion. Warm and cold phases of past regional climate back to the
Last Glacial Maximum (and beyond), as well as present and future
change, are understood to relate tightly with the extent and vigour
of North Atlantic THC and the Norwegian Atlantic Current (e.g.,
Rahmstorf, 2002; Gregory et al., 2005; Rhines et al., 2008; Bakke
et al., 2009; Spielhagen et al., 2011).
The term the northern seas refers collectively to the northern
North Atlantic, the Nordic Seas (comprising the Norwegian,
Greenland, and Iceland seas), and the Arctic Ocean, including thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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(Fig. 1). The warm and saline Atlantic inflow is totally transformed
as it travels the northern seas: a water-mass transformation that is
the integrated signature of the NwAC's interaction with climate.
Heat loss, predominantly in the Norwegian and Barents seas, and
freshwater input, predominantly in the Arctic Ocean, result in two
distinct outflows across the GreenlandeScotland Ridge: fresh and
cold Polar Water with the East Greenland Current, and dense and
cold overflow water at depth (Hansen and Østerhus, 2000; Eldevik
and Nilsen, 2013).
The AtlanticWater subducts where it meets Arctic sea ice and its
heat becomes essentially unavailable to the atmosphere. A shift in
the marginal ice zone that separates the Atlantic and Polar domains
is thus a sensitive indicator of climate change (Serreze et al., 2007;
Årthun et al., 2012). The inflow has upon subduction been cooled to
the extent that it is of overflow density (Mauritzen, 1996a). The
overflows are however less saline and slightly colder. The sub-
ducted water, either recirculating in the vicinity of the Fram Strait
or travelling the Arctic Ocean, mixes with fresher and colder water
masses to finalize the transformation into overflow water (e.g.,
Saloranta and Haugan, 2004). The subducted branch into the Arctic
proper and the regional freshwater input are the sources of theFig. 1. Northern seas temperature climatology at 200 m depth. The arrows indicate the two b
temperate Atlantic Water that connects the North Atlantic Ocean with the Barents Sea and Ar
(2009). The numbered locations are the sites of the paleo reconstructions listed in Table 1.estuarine circulation that largely maintains the East Greenland
Current (Stigebrandt, 1985; Eldevik and Nilsen, 2013).
An assessment of the northern THC's role in regional climate is
accordingly very much about quantifying and explaining the vari-
able temperature and strength of the Norwegian Atlantic Current.
The recent Arctic-ward retreat of sea ice in the Fram Strait and
Barents Sea e and the corresponding progression of the Atlantic
domain (Årthun et al., 2012) e have, for example, resulted in
record-warm wintertime temperatures on neighbouring Svalbard
(Førland et al., 2011).
Here we review and synthesize present knowledge about
climate and climate change at the THC's northern terminus. The
framework of our study is presented in Section 2, and the reference
records for reconstructed, observed, and projected climate are
compiled and presented in Section 3. The relation between climate
and predominantly northern THC e but also, for example, solar
insolation e is reviewed for eight distinct climate periods or tran-
sitions in Section 4. The findings are discussed and synthesized in
Section 5, which also includes a relatively simple framework that
diagnoses the strength of the Norwegian Atlantic Current consis-
tent with reconstructed Norwegian Sea temperatures. The resulting
“brief history of climate” is summarized in Section 6.ranches of the Norwegian Atlantic Current (NwAC). The branches span out the region of
ctic Ocean. Isobaths are given for every 1000 m; the figure is adapted from Eldevik et al.
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climate
The specific scope of this paper is to synthesize the ‘mode of
operation’ of northern maritime climate e in particular that
relating to the Norwegian Atlantic Current e from the Last Glacial
Maximum to the end of the 21st century. This will be pursued by
the following rather simple, but hopefully intuitive approach. The
base-line will be climate as reflected in paleoreconstructions
(Figs. 2e5), in instrumental measurements (Fig. 6), and in a 21st
century model projection (Fig. 7) of Norwegian and Norwegian Sea
temperatures. The scientific literature on the variable northern
climate is then related and chronicled with respect to this reference
maritime climate, and thus a coherent description of the present
understanding of the northern sea's influence on regional climate
(and vice versa) is provided (Figs. 8e10).
Particular attention is given to the following eight distinct
climate periods or transitions: the Last Glacial Maximum (LGM,
23.0e19.0 ka BP), Heinrich Stadial 1 (HS1, 19.0e14.6 ka BP), Bølling-
Allerød (BA, 14.6e12.9 ka BP), the Younger Dryas stadial (YD,
12.9e11.7 ka BP), the early to mid Holocene (EMH, 11.7e4.0 ka BP),
the late Holocene (LH, 4.0 ka BP to present), the instrumental re-
cord, and the projected climate of the 21st century. Our definition
and separation of LGM and HS1 follow MARGO Project members
(2009) and Barker et al. (2009), respectively. The timing used for
BA and YD is in line with Rasmussen et al. (2014). Throughout the
paper all references to ages of the paleorecord are presented as
calendar years before present (BP), where “present” refers to AD
1950.
A premise (but also a challenge) for this synthesis is that it is
possible to establish a well-defined maritime climate record e ‘the
thermometer’, or, rather, thermometers (e.g., Fig. 2) e to which
anomalous climate and ocean circulation can be related. AnFig. 2. The reconstructed maritime climate from the LGM through to the LH. July surface a
temperatures are reconstructed from alkenone and foraminifer assemblages. See Section 3 an
for a review of the different time periods and events considered.assessment of the northern seas' role in climate change can only be
provided if there is a relatively unambiguous climate to be
explained.
3. Establishment of reference temperature data sets
The data basis e the individual terrestrial and marine temper-
ature paleoreconstructions, the related instrumental record, and a
climate model projection for the 21st century e is presented in this
section (Sections 3.1e3.3), including a description of how the data
were aggregated into time series (Section 3.4). A most compre-
hensive and continuous temperature record for coastal Norway and
the Atlantic domain of the northern seas, covering the LGM through
to the 21st century, is accordingly compiled and the result
described in Sections 3.5e3.6.
3.1. Paleoclimate
Terrestrial and marine reference datasets are compiled using
previously published temperature reconstructions, supple-
mented by new unpublished data, from a selection of sites from
coastal Norwegian lakes and from the eastern Nordic Seas
(Fig. 1). The terrestrial reference dataset is established from re-
constructions of past mean July surface air temperatures (SATs)
based on pollen assemblages from lake sediments. Two marine
reference temperature datasets are established; one based on
alkenones (UK'37) and one based on planktonic foraminifer as-
semblages. A summary of all included sites, their geographical
position, present-day temperature, and original references is
given in Table 1. The selection of sites is based on the following: i)
proximity to the coast and residency in the realm of the NwAC,
respectively, for the terrestrial and marine sites (cf. Fig. 1); ii)
time period covered by the record; iii) adequate chronologicalir temperature anomaly is reconstructed from pollen, and anomalous Norwegian Sea
d Figs. 3 and 4 for further description of the data and methodology used, and Section 4
Fig. 3. Pollen-based reconstruction of July surface air temperature for coastal Norway. The scatter is the individual reconstructed anomalies, the solid line is the corresponding non-
parametric regressional fit and the shading quantifies the spread. The reconstructions have been separated into southern (sites 1e5; cf. Fig. 1 and Table 1) and northern (6e14)
locations in the lower panel. See Section 3 for further description of the data and methodology used, and Section 4 for a review of the different time periods and events considered.
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for terrestrial sites. Adequate chronological frameworks are a
premise when establishing the reference datasets. Basic infor-
mation on chronologies is given below, and all the individual
reconstructions are presented in Fig. 5. All age models, both for
new and previously published reconstructions, are calibrated
herein using the IntCal13 and Marine13 calibration curves.
Detailed information concerning the age models is found in the
Supplementary Tables 1 and 2 for terrestrial and marine sites,
respectively.The age-depth models developed for each of the lake cores are
based on all available AMS 14C ages. Calibration and ageedepth
modelling were done using the CLAM software (Blaauw, 2010). The
calibration is based on the IntCal13 calibration curve (Reimer et al.,
2013). At Jansvatnet (site 13) the age-depthmodel is based on linear
interpolation as only a few reliable 14C dates were available.
Ageedepth models at all the other sites were constructed using a
smooth spline run through randomly sampled point estimates from
calibrated dates and iterating this process a thousand times
(Blaauw, 2010). Any models with age reversals were rejected.
Fig. 4. Reconstructed temperature anomalies for the Norwegian Sea. The scatter is the individual reconstructed anomalies, the solid lines are the corresponding non-parametric
regressional fit and the shading quantifies the spread. The reconstructions are synthesized for the two qualitatively different proxies separately (cf. Fig. 1 and Table 1). See Section 3
for further description of the data and methodology used, and Section 4 for a review of the different time periods and events considered.
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based on the available AMS 14C ages and, in some cores, identified
ash layers (Vedde and Saksurnavatn). The radiocarbon ages are
calibrated using CALIB 7.0 and the Marine13 calibration dataset
(Reimer et al., 2013), and corrected for the reservoir effect using
DR ¼ 7 ± 11 yr for MD99-2284, MD95-2010 and MD95-2011 (sites
15e17) and DR ¼ 71 ± 21 yr for M23258 and PSh-5159N (sites 19
and 20) for Holocene and Bølling; DR ¼ 250 ± 50 yr for YD;
DR ¼ 250 ± 100 yr for HS1; DR ¼ 100 ± 50 yr for Allerød; and
DR ¼ 7 ± 100 yr for LGM. It is well known that reservoir ages may
vary substantially with time. Less is known about the exact reser-
voir effects at given locations at given times. Holocene, YD and BA
DR-values for the study area are taken from Bondevik et al. (2006)
and Mangerud et al. (2006). There are no known DR values for HS1
and LGM in this region. HS1 DR-values were likely higher than
present (e.g., Rørvik et al., 2010), and we have assumed that HS1
and YD values were comparable. The Holocene mean value is used
for LGM based on the not too different oceanographic conditions in
the Nordic Seas during LGM (Section 4.1). We have however
increased the uncertainty used on the DR HS1 and LGM values to
acknowledge that the absolute values are unknown. The age-depth
models are established based on linear interpolation between the
tie points given by the calibrated radiocarbon dates and ash layers
when identified.
The marine chronologies are associated with somewhat larger
uncertainty than the terrestrial chronologies, due to the need for
reservoir age corrections. The calibrated age range for terrestrial
dates are 40e150 years, while 70% of all marine dates have a cali-
brated age range <250 years. These ranges are well within the
bandwidth of the reference data sets (Section 3.4). These synthe-
sized time series are accordingly robust with respect to un-
certainties related to the age models and the merging of data from
different sites.
For the reconstructions of mean July SAT from the terrestrial
dataset, a modern pollen-climate calibration dataset is used. Thisincludes surface sediments from 321 lakes distributed throughout
Norway and northern Sweden sampled along major gradients for
both temperature and precipitation (Bjune et al., 2010). Modern
mean July temperatures are estimated for each of the lakes by
interpolating 1961e1990 ‘climate normal’ data from nearby mete-
orological stations and adjusting for elevation, using a standard
lapse rate of 0.57 C per 100 m elevation, and for distance from
coast (Sepp€a and Birks, 2001). Pollen-climate transfer functions
based on this calibration data set are developed using weighted-
averaging partial least squares (WA-PLS) regression and calibra-
tion (ter Braak and Juggins, 1993). For the sites covering the Late-
Glacial and Younger Dryas time periods SAT is reconstructed using
weighted averaging (WA) as this method can perform well in ‘no-
analogue’ situations (ter Braak and Juggins, 1993). All pollen and
spore percentage data are square-root transformed (Prentice, 1980)
prior to WA or WA-PLS regression and calibration. For mean July
temperatures the root-mean-square error of prediction is 1.13 C
and the maximum bias is 2.16 C based on leave-one-out cross-
validation (Bjune et al., 2010). The terrestrial reference temperature
dataset includes all available temperature data from all the selected
sites and is presented as deviations from the pollen-inferred pre-
sent-day mean July temperatures at each site (Figs. 3 and 5).
Two, proxy-specific, marine reference temperature datasets are
compiled to characterize the respective temperature development
of the shallow summer mixed layer (UK'37 sea-surface temperature,
SST) and the underlying Atlantic layer (based on foraminifer as-
semblages) that is directly exposed to the atmosphere in winter-
time (Nilsen and Falck, 2006; Risebrobakken et al., 2011). The
alkenone calibration equations and UK'37 SST values are used as
originally published (Calvo et al., 2002; Marchal et al., 2002;
Martrat et al., 2003; Kim and Schneider, 2004; Risebrobakken
et al., 2010). Maximum likelihood regression and calibration (ter
Braak and Prentice, 1988; ter Braak and van Dam, 1989) and the
training-set from Kucera et al. (2005b) are used to reconstruct
temperatures based on the planktonic foraminifer assemblages. For
Fig. 5. All individual temperature reconstructions and age models used herein. The scale of the vertical axes is identical for all records (see inset temperature scale). The numbers
refer to the site numbers of Table 1. The reader is referred to the table for further details.
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peratures are presented as deviations from the corresponding
present-day temperatures for the specific proxy at the specific sites
(Figs. 4 and 5). The coldest reconstructed foraminifer temperatures
have the largest uncertainties. Negative anomalies thus represent a
lowest estimate, and may be too cold. A detailed discussion on
potential problems with absolute Holocene foraminifer tempera-
tures for the sites used in this study can be found in Risebrobakken
et al. (2011).
3.2. Observed climate
The record compiled to represent observed climate (Fig. 6) is
based on established annual time series, and these series have been
used as provided. The Norwegian Meteorological Institute provided
annual mean Norwegian surface air temperature (SAT) based on
gridded meteorological station data (e.g., Hansen-Bauer et al.,
2006). Global SAT is taken from the HadCRUT4 time series
(Morice et al., 2012; www.metoffice.gov.uk/hadobs/hadcrut4/).Norwegian Sea temperatures are the inflow time series of Eldevik
et al. (2009) and Atlantic layer temperature from Ocean Weather
Station M (OWSM, located about 100 kmwest of site 16; Nilsen and
Falck, 2006), both extracted from the NISE dataset (Nilsen et al.,
2008). In order to extend the marine record further back in time,
we have included the time series of the Kola section mean tem-
perature (Bochkov, 1982). At its downstream location in the Barents
Sea, the section has been found both to reflect thermohaline
changes in the Norwegian Sea upstream and hemisphere-scale
climate fluctuations (Helland-Hansen and Nansen, 1909; Skagseth
et al., 2008; Boitsov et al., 2012).
Estimates of Atlantic inflow/NwAC volume transport can be
inferred directly from current meter measurements since the mid
1990s. A significant fraction of this variable inflowemore than 25%
of variance explained for monthly data e can be inferred from
observations of sea-surface height (Richter et al., 2012). Using
direct historical sea-level observations from tide gauges, these
authors estimated detrended volume transport anomalies for the
period 1960e2006. Their resulting observation-based time series of
Fig. 6. The instrumental record. Panels are annual mean Norwegian surface air temperature (upper); Norwegian Sea temperatures with ‘M’ being Ocean Weather Station M and ‘S’
inflow, and Atlantic inflow volume transport (middle; 1 Sv ¼ 106m3s1); and land and ocean temperature records combined, including the century-long time series from the Kola
section of the Barents Sea (lower). Temperature anomalies are with respect to the 1961e1990 mean, and thick lines are 5-year low-pass filtered data.
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adding the two contributions associated with the inner and outer
branch of NwACe named “Svinøy” and “Faroe”, cf. their Fig. 9e and
a representative mean value of 8 Sv, cf. Section 4.7).
3.3. Projected future climate
Future climate is described using output data from a projection
with the Bergen Climate Model (BCM; Furevik et al., 2003; Otterå
et al., 2009). The anthropogenic forcing of the simulation is ac-
cording to the so-called A1B scenario (Johns et al., 2011), with a
continuous growth in CO2-emission through to the mid-21st cen-
tury, and then a gradual but slower decrease in emissions. The
resultingmaritime climate is presented in Fig. 7. The Norwegian Sea
temperature is in this case that of the Atlantic inflow, corre-
sponding to “Norw. Sea S” in Fig. 6. Admittedly, what is presented is
one simulation with one climate model system only. We have
settled for this single example for simplicity, and because it appears
representative of projected regional climate change in general (cf.
Section 4.8).
3.4. Statistical methods
The paleo-data synthesized herein (cf. Table 1) constitute scatter
of reconstructed data points in time and temperature. A bivariate
probability density function (PDF) is calculated for each scatter, e.g.,
for a given proxy or coring location (Figs. 3 and 4), using the
adaptive kernel density estimator of Botev et al. (2010). The kernel
estimator, based on a linear diffusion process, is non-parametric
including an asymptotically optimal estimate of bandwidth, i.e.,
the time-temperature range required to estimate the local data
density. The resulting bandwidth for the applications herein is
typically 400 years and 0.2 C. The Matlab implementation referred
to in Botev et al. (2010) was used as provided (Botev, 2007) for the
calculations herein.
The temporal progression through the resulting bivariate PDF
describes the variable temperature distribution. Synthesized
climate is presented as the evolution of the three temperature
quartiles in time; the second quartile e the median e is the
reconstructed temperature curve, the first and third quartiles
represent the spread in data (cf., e.g., Fig. 2). Note how the relatively
smooth appearance of the temperature curves and spread reflect
the abovementioned bandwidth.
When several reconstructed temperature records are combined,
i.e., for the estimation of the variable strength of the Atlantic inflow
to the Nordic Seas (Fig. 9), the following procedure is used. The
PDFs e from the original paleo-data e are randomly sampled to
produce a synthetic data set for the combined inference, for
example the temperature difference between two coring
locations. (This cannot be done directly as individual data points
from each core cannot be consistently ordered into pairs for sub-
traction.) A PDF is then constructed from the scatter of synthetic
data points as described above. Themain purpose of this is to assign
a data-spread to the inflow estimate consistent with the spread in
the original data onwhich the estimate is based. Themedian inflow
curve is for all practical purposes the same as results from using
median temperature curves directly as the basis for inference.
The annual time series of the instrumental record and 21st
century projections are used as provided (cf. Sections 3.2 and 3.3).
When annual data are low-pass filtered, a triangular filter is used.Fig. 7. Projected 21st century climate. Panels are annual mean surface air temperature (u
temperature time series combined (lower). Thick lines are 5-year low-pass filtered data, an
specific A1B Bergen Climate Model simulation.All quantified correlations concern detrended data and are signif-
icant at the 95% confidence level unless otherwise stated, where
significance (t-test) relates to the series' effective degrees of
freedom (according to the integral time scale estimated from auto-
correlation).3.5. Surface air temperatures from the LGM to 2100
Lake sediment older than Bøllling-Allerød age is not found in
our study region due to the extent of the Fennoscandian Ice Sheet
(Gyllencreutz et al., 2007), so reconstructed atmospheric temper-
atures do not exist prior to 14.6 ka BP (BA; Figs. 2 and 3). SAT is
inferred to be about 4 C lower than present during the BA and YD
time periods (until ca 12 ka BP). During these two time periods the
spread in the data is large.
Colder temperatures than present are evident from the onset of
sedimentation during the BA and into the EMH at ca 9.5 ka BP
(upper panel of Fig. 3). The southern sites generally exhibit colder
anomalies than the northern sites throughout the record (lower
panel of Fig. 3). A rapid increase in SAT is observed in the tran-
sition period from the YD into the EMH. The warmest SAT anomaly
for the entire region occurs from ca 9e6 ka BP, when SAT is
inferred to be ca 1 C higher than present-day temperatures. The
warmest SAT anomaly for the southern sites occurs somewhat
later (from ca 7.5e5 ka BP) than at the northern sites. The
northern sites also show an overall higher SAT anomaly. After 6 ka
BP the inferred SAT exhibits a relatively weak cooling until the
present.
The instrumental record is displayed in Fig. 6 and documents a
general warming trend from 1900 until 2010, about 1 C warming
both for Norwegian and global SAT. The period from 1940 to 1980
appears relatively cold. An increase in SAT is observed thereafter,
until about 2005; a further and stronger temperature rise is pro-
jected through the 21st century (Fig. 7). Norwegian and global SAT
increase by about 4 C and 2.5 C, respectively, in this particular
BCM projection. Both observed and projected Norwegian SATs are
characterized by decadal fluctuations with a range of about 1 C
superimposed on the generally warming trends.3.6. Ocean temperatures from the LGM to 2100
In the marine realm, the foraminifer-based temperature recon-
struction shows that cold conditions prevailed in the Norwegian
Sea through the LGM, HS1, BA, and YD, with temperatures
approximately 7 C colder than present (Fig. 4). A slight warming is
associatedwith the first part of HS1 and the transition betweenHS1
and BA, while the coldest temperature anomaly is seen during the
YD. A strong, rapid warming characterizes the transition from YD to
Holocene, from almost 8 C colder to approximately 0.5 C warmer
temperatures than today at 10 ka BP. The 10 ka BP warming was
relatively short-lived, and through most of the EMH colder than
present temperatures characterized the Norwegian Sea. Through
the LH, ocean temperatures are comparable to the present, but up
to 1 C warmer (Fig. 4).
Alkenone-based temperature reconstructions are only available
for the Holocene part of the study interval. Similar to the pollen-
based temperature reconstructions, the alkenone record docu-
ments warmer than present SSTs during EMH, with a warmest
anomaly of approximately 1.5 C between 9 and 6 ka BP, followedpper), Norwegian Sea temperature and Atlantic inflow (middle), and land and ocean
d anomalies are with respect to the year 2000. See Section 3.3 for a summary of the
Table 1
General information about the sites used for terrestrial (pollen) and marine (foraminifer and alkenone) temperature reconstructions. Time periods are Last Glacial Maximum
(LGM,#1), Heinrich Stadial 1 (HS1,#2), BøllingeAllerød (BA,#3), Younger Dryas (YD,#4), Early-to-Mid Holocene (EMH,#5), and Late Holocene (LH,#6). For sites 1e14 the
present-day temperatures are interpolated from nearbymeteorological stations (eklima.met.no) and for sites 15e20modern SST data are extracted from theWorld Ocean Atlas
(http://www.nodc.noaa.gov). Detailed information on all age models is listed in Supplementary Tables 1 (terrestrial sites) and 2 (marine sites).
Locality Latitude Longitude Present-day
temp., C
Time period No of14C
dates
Reference to original data, background
data and 14C dates
Pollen based mean July
temperatures
1 Dalane 58150N 8000E 14.9 3,4,5,6 8 Eide et al., 2006
2 Vestre
Øykjamyrtjørn
59470N 6000E 11.0 4,5,6 9 Bjune, 2005; Bjune et al., 2005
3 Kattatjørn 60170N 5060E 13.0 5,6 6 Larsen, Peglar, Bjune & Birksa
4 Kråkenes 62020N 5000E 10.5 3,4,5,6 52 Birks et al., 2000; Lohne et al., 2013;
Birks & Peglara
5 Storsandvatnet 63280N 8270E 12.6 3,4,5,6 10 Birks & Peglara
6 Svanåvatnet 66250N 14030E 12.1 5,6 4 Bjune and Birks 2008
7 Litlvatnet 68310N 14520E 12.0 4,5,6 6 Birks & Peglara
8 Myrvatnet 68390N 16230E 12.5 5,6 6 Birks & Peglara
9 Bjørnfjelltjørn 68260N 18040E 10.5 5,6 8 Bjune et al., 2010; Birks & Peglara
10 Lusvatnet 69060 N 15310E 11.0 3,4,5 23 Aarnes et al., 2012; Birks et al., 2014
11 Dalmutladdo 69100N 20430E 11.5 5,6 11 Bjune et al., 2004
12 Ifjord 70260N 27380E 7.6 3,4,5,6 4 Sepp€a, 1998; Sepp€a et al., 2002
13 Jansvatnet 70390N 23400E 11.1 3,4,5 10 Birks et al., 2012
14 Hopseidet 70500N 27430E 7.6 4,5,6 4 Sepp€a, 1996, 1998; Sepp€a et al., 2009
Foraminifer based
temperatures (ML)
15 MD99-2284 62220N 0580W 11.2 1,2,3,4,5,6 Bakke et al., 2009; Dokken & Anderssonb;
Risebrobakken et al., 2011
16 MD95-2010 66410N 4330E 10.9 1,2,3,4 Dokken & Anderssonb
17 MD95-2011 66580N 7380E 11.0 3,4,5,6 Andersson et al., 2003, 2010;
Risebrobakken et al., 2003, 2011
Alkenone based
temperatures (UK37)
18 MD95-2011 66580N 7380E 11.0 5,6 Calvo et al., 2002
19 M23285 75N 14E 5.4 5,6 Marchal et al., 2002; Martrat et al., 2003;
Kim and Schneider, 2004
20 PSh-5159N 71210N 22380E 10.9 5,6 Risebrobakken et al., 2010
a Previously unpublished data. To be deposited in the European Pollen Database, EPD (http://www.europeanpollendatabase.net/); until then available upon request from
Anne E. Bjune (anne.bjune@uni.no) or John Birks (john.birks@bio.uib.no).
b Previously unpublished data. To be deposited at the Data Publisher for Earth & Environmental Science, PANGAEA (www.pangaea.de); until then available upon request
from Bjørg Risebrobakken (bjorg.risebrobakken@uni.no) or Trond Dokken (trond.dokken@uni.no).
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alkenone SSTs are comparable to present.
Observed Norwegian Sea temperatures are available from 1948
(Fig. 6). The record can broadly be characterized as relatively warm
in the first 2e3 decades, relatively cold in the decades centred
around 1980, and as warm thereafter. The recent warming does not
appear exceptional in the two time series from the Norwegian Sea.
However, if one considers the Kola section and the full century of
data available there, a general warming through the 20th century
very similar to that of the atmosphere is evident. A warming trend
also extends into the projected future (Fig. 7). The NwAC is seen to
warm by 0.8 C through the 21st century, and associatedwith this is
a 1-Sv weakening (about 12%) in volume transport. An anti-
correlation between inflow volume transport and Norwegian Sea
temperature is also the general case, both for observed (OWSM)
and projected variability with correlations of 0.42 and 0.37,
respectively, for low-pass filtered series (cf. Figs. 6 and 7; the former
correlation is only significant at the 90% confidence level). We note
that the range of volume transport variability roughly doubles from
the observed to the projected. The latter is about 2 Sv.4. A review of northern maritime climate
With a consistent reference climate recorddefined (cf. Section 3),
present knowledge concerning northern maritime climate is
reviewed and chronicled according to the aforementioned key pe-
riods/events: 1) the Last Glacial Maximum, 2) Heinrich stadial 1, 3)
Bølling-Allerød, 4) Younger Dryas, 5) Early to Mid-Holocene, 6) Late
Holocene, 7) the instrumental record, and 8) the projectedwarming
of the 21st century. As the reviewed literature is much concerned
with the quantitative concept of Atlantic Meridional OverturningCirculation (AMOC; Kuhlbrodt et al., 2007), AMOC is often referred
to in this section instead of the more qualitative term THC.4.1. Last Glacial Maximum (LGM 23.0e19.0 ka BP)
The northern seas and the North Atlantic Ocean have tradi-
tionally been considered perennially sea ice covered during the
LGM (CLIMAP, 1981). More recent reconstructions, however,
indicate that seasonally ice-free conditions prevailed, at least in
the eastern northern seas, though variable uncertainty in
reconstructed temperatures is suggested by inter-proxy differ-
ences and non-analogue thermal structure in the LGM ocean (e.g.,
Meland et al., 2005; Kucera et al., 2005a; de Vernal et al., 2006).
Perennial sea ice was present in the Fram Strait (Müller et al.,
2009). Seasonally ice-free conditions in the northern seas are
also a feature of Paleo Model Intercomparison Project 2 (PMIP2)
simulations, in line with the proxy-evidence (Li et al., 2010). Our
reconstruction generally documents cold ocean temperatures
throughout the LGM (Fig. 4), consistent with a reduced, but non-
negligible poleward heat transport in the eastern part of the
northern seas. Due to summer melting of surrounding ice sheets,
the salinity in the central and eastern seas was lower than today,
strengthening the stratification of the upper part of the water
column (Meland et al., 2005; de Vernal et al., 2006). Summer
melting of surrounding ice sheets has been suggested as one
potential cause for the reduced salinity. Enhanced summer
stratification and extended winter sea-ice cover caused subduc-
tion of the Atlantic Water at a more southern location than in the
present climate (de Vernal et al., 2005).
Duplessy et al. (1988) used North Atlantic d13C values to argue
that deep ocean convection during the LGMwas restricted to south
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records has since been challenged (Oppo and Lehman,1993; Raymo
et al., 2004). Newer salinity reconstructions suggest that convec-
tion took place in the northern seas (Meland et al., 2005), and
bottom-water neodymium isotopic composition from the North
Atlantic suggests persistent deep-water overflow from the Nordic
Seas to the glacial North Atlantic throughout the LGM (Crocket
et al., 2011). From the North Atlantic there is evidence for a shal-
lower and more southern terminus of the AMOC than at present
(McManus et al., 2004). Individual PMIP2 simulations of LGM
climate give very different results regarding the glacial overturning
circulation, ocean temperatures and sea-ice conditions in the
northern seas (Otto-Bliesner et al., 2007). Assessing PMIP2 model
results and reconstructions from the surface and deep Atlantic
Ocean, Otto-Bliesner et al. (2007) conclude that the boundary be-
tween North Atlantic Deep Water and Antarctic BottomWater was
shallower, but that the strength of LGM overturning was probably
similar to the present.
The North Atlantic Oscillation (NAO) is the leading pattern of
atmospheric variability in the study region today (Hurrell, 1995).
NAO-like variability exists in LGM model simulations, but exhibits
some differences compared with the NAO in pre-industrial simu-
lations, particularly in terms of seasonality and centres of action
(Byrkjedal et al., 2006; Pausata et al., 2009). The models differ in
this aspect, but some consistent features emerge, including the fact
that the NAO-like pattern at the LGM accounts for less variability
(both fraction of and actual variance explained) during LGM than
today (Pausata et al., 2009).
4.2. Heinrich Stadial 1 (HS1 19.0e14.6 ka BP) e onset of
termination of LGM
Heinrich Stadial 1 (HS1) covers the succession of events occur-
ring from the end of the LGM to the onset of the Bølling-Allerød.
From 19 ka BP, 231Pa/230Th and magnetic grain-size data indicate a
gradual AMOC slowdown until 17.5 ka BP when a near shutdown
occurred (McManus et al., 2004; Hall et al., 2006; Stanford et al.,
2006). The AMOC minimum at 17.5 ka BP coincides with the
onset of Heinrich Event 1 (McManus et al., 2004), characterized by a
North Atlantic Ice Rafting Debris layer associatedwith cold SSTs and
low surface salinity following massive ice-berg melting (Hemming,
2004). A sharp AMOC resumption at ~14.7 ka BP corresponds with
the onset of the Bølling-Allerød (McManus et al., 2004).
Freshwater from ice-sheet melting and calving is considered a
major influence through HS1, and the location of freshwater-
release is important in order to affect the AMOC (Alvarez-Solas
et al., 2011). At 19 ka BP the margin of the Fennoscandian Ice
Sheet (FIS) was located near the shelf break. A rapid retreat
commenced before 18 ka BP, and towards the end of HS1 its margin
was close to the coast (Dahlgren and Vorren, 2003). The breakdown
of the FIS and Barents Sea Ice Sheet was initiated by a short-lasting
warming (e.g., Lekens et al., 2006; Rørvik et al., 2010), as repre-
sented in our reconstruction around 19 ka BP, followed by cold
temperatures through most of HS1 (Fig. 4). Data and models show
that melting of the FIS caused an initial weakening of deep ocean
convection associated with a basin-wide warming (2 C) of the
North Atlantic and the Nordic Seas at intermediate depths. The
subsurface warming was important as a trigger for the inferred
Laurentide Ice Shelf collapse and surge, hence the freshwater
forcing of the Labrador Sea and the associated shut down of the
AMOC during Heinrich Event 1 (Marcott et al., 2011; Alvarez-Solas
et al., 2011).
A direct surface-water exchange existed between the Nordic
Seas and the North Atlantic during HS1 (Stanford et al., 2011). The
southern Norwegian Sea foraminifer fauna was dominated byN. pachyderma (sin), documenting cold, polar conditions, probably
with extensive winter sea ice cover and summer ocean tempera-
tures colder than 2 C (Rasmussen and Thomsen, 2008).
Strong depletion of the benthic d18O signal in the Nordic Seas at
HS1 is a topic of ongoing discussion in terms of understanding the
mechanism behind the depletion. Several theories exist, explaining
the depleted benthic d18O by 1) increased temperatures
(Rasmussen and Thomsen, 2008), 2) brine water formation
(Dokken and Jansen, 1999; Meland et al., 2008), or 3) hyperpycnal
injection of fresh meltwater (Stanford et al., 2011). Both Stanford
et al. (2011) and Rasmussen and Thomsen (2008) imply cold and
fresh surface water conditions in the Nordic Seas, even though they
explain the depleted benthic isotope signal by different
mechanisms.
4.3. Bølling-Allerød (BA 14.6e12.9 ka BP) e warm interstadial
The onset of the Bølling-Allerød (BA) is associated with an
AMOC resumption at ~14.7 ka BP (McManus et al., 2004), andwith a
large and abrupt surface-water warming over the entire North
Atlantic region (Rasmussen and Thomsen, 2008). Outflow of in-
termediate water from the Nordic Seas to the North Atlantic was of
similar magnitude during the BA as during the Holocene, but the
convected water was entrained at shallower depths than today
(Meland et al., 2008). For the first time during the deglaciation,
strong subsurface flow of Atlantic Water (AW) to the Arctic Ocean
took place (Slubowska et al., 2005). The BAwarming was, however,
less pronounced in parts of the Nordic Seas than in the North
Atlantic and over Greenland (e.g., Rasmussen and Thomsen, 2008).
Our reconstructed temperatures show maximum warming just at
the beginning of the BA, followed by a cooling through the
remainder of the BA (Fig. 4). However, at deeper depths, AW
entered through the Fram Strait and into the Barents Sea
throughout the BA, as implied by the benthic foraminifer fauna at
shallow sites (ca 400 m) north of Svalbard (Slubowska et al., 2005)
and in the SW Barents Sea (Aagaard-Sørensen et al., 2010;
Chistyakova et al., 2010). The submergence of AW nevertheless
occurred farther south than today (Slubowska-Woldengen et al.,
2007).
An extensive sea-ice cover characterized the BA north of Sval-
bard (Koç et al., 2002). In the Fram Strait, biomarkers show that ice-
free conditions occurred for 200 years from 14.8 to 14.6 ka BP,
followed by a variable sea ice cover until 13.2 ka BP (Müller et al.,
2009). The existence of the planktonic foraminifer N. pachyderma
(sin) implies seasonally open, but cold, water in the SW Barents Sea
13.8e12.7 ka BP (Aagaard-Sørensen et al., 2010). In the Norwegian
Sea, BA surface temperature was warmer than glacial but colder
than interglacial temperatures (Koç Karpuz and Jansen, 1992;
Klitgaard-Kristensen et al., 2001).
Through the BA the FIS had retreated sufficiently to allow for the
establishment of sparse vegetation along parts of the Norwegian
coast. Our pollen-based record thus commences a little into BA and
the reconstructed SAT indicates low mean July temperatures
(Fig. 3).
The occurrence of an AMOC ‘overshoot’ at the onset of the BA is
robust over different general circulation models, while evidence
from proxy records is less consistent (Cheng et al., 2011). The
importance of the ocean exchange between the North Atlantic and
the Nordic Seas for the occurrence of an AMOC overshoot at the HS1
to BA transition, and for obtaining the full, observed magnitude of
the BAwarming, has been emphasized (Cheng et al., 2011). It is not
clear, however, whether the overshoot is a linear response to an
abrupt forcing, for example a hypothesized abrupt termination of
the HS1 meltwater forcing (Liu et al., 2009), or a nonlinear AMOC
response to a gradual forcing, as has been associated with AMOC in
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Cheng et al. (2011) argue that the BA AMOC change was a response
to a sudden exposure of subsurface ocean heat superimposed on
the mean-state glacial to interglacial AMOC transition. It is not
straightforward, however, to assess the role of meltwater during
the deglaciation due to uncertainties in reconstructed meltwater
histories, model sensitivity to freshwater forcing, as well as the
importance of nonlinear feedback processes (Bethke et al., 2012).
4.4. Younger Dryas (YD 12.9e11.7 ka BP) e ‘the Big Freeze’
Following the Bølling-Allerød, a rapid cooling lead to the
Younger Dryas (YD) cold interval (Koç Karpuz and Jansen, 1992).
Both the foraminifer-based temperature reconstruction and the
SAT show that the coldest reconstructed conditions occurred dur-
ing the YD (Figs. 3 and 4). The Younger Dryas was characterized by
extensive cooling over Greenland, in the Nordic Seas, north of
Svalbard, and in the Barents Sea (e.g., Koç Karpuz and Jansen, 1992;
Alley, 2000; Klitgaard-Kristensen et al., 2001; Ebbesen and Hald,
2004; Slubowska et al., 2005; Slubowska-Woldengen et al., 2008;
Bakke et al., 2009; Aagaard-Sørensen et al., 2010). One exception is
north of Iceland, where there is no clear temperature change from
the BA to YD (Knudsen et al., 2004). The Fennoscandian and Barents
coastline was cold and dry (Sepp€a et al., 2002). Most of Norwaywas
still covered by the FIS (Mangerud et al., 2011). No consensus exists
on the mechanisms of the onset, stabilisation, or termination of the
YD (Bakke et al., 2009; Cabedo-Sanz et al., 2012).
The anomalous cold conditions of the YD were most pro-
nounced during winter, introducing strong seasonal contrasts (e.g.,
Isarin et al., 1998). The early to mid YD was characterized by a
stable, extensive winter sea-ice cover in the Nordic Seas (Cabedo-
Sanz et al., 2012), and strong westerlies caused cold, dry winters
in central Europe (Brauer et al., 2008). The late YDwas less cold and
variable conditions prevailed. It is thought that increased Atlantic
inflow to the Nordic Seas reduced the sea-ice extent, increased ice
cover variability and affected the storm tracks more northwards
(Isarin et al., 1998; Ebbesen and Hald, 2004; Bakke et al., 2009;
Cabedo-Sanz et al., 2012). Increasing temperatures are inferred
from the terrestrial data (Fig. 3) consistent with the development of
an increased vegetation cover. The differences between the early
cold and stable, and the late unstable YD phases are possibly linked
to changes in seasonality, sea-ice conditions, and atmospheric
forcing (Isarin et al., 1998; Denton et al., 2005; Brauer et al., 2008;
Bakke et al., 2009).
The AMOC strength was reduced during the YD (McManus et al.,
2004). The cause of this is uncertain, and the changes in over-
turning could have been both a cause and an effect of subpolar
North Atlantic cooling (Brauer et al., 2008). Brine formation took
place at the Nordic Seas shelves, while open ocean convection was
reduced compared to the BA (Meland et al., 2008). Anomalous
freshwater input has been assumed to be a cause for reduced AMOC
also during YD, but consensus with respect to potential source has
been lacking. Tarasov and Peltier (2005) suggested that the largest
combined melt-water/iceberg discharge drained to the Arctic
Ocean, using numerical models to identify this geographical release
point. Murton et al. (2010) subsequently identified the flood path of
the YD-drainage of Lake Agassiz to the Arctic Ocean. Wunsch
(2006) proposed an alternative explanation, suggesting that the
change in ocean circulation was a consequence of shifting winds.
4.5. Early to Mid-Holocene (EMH 11.7e4 ka BP) e Holocene
Thermal Maximum and subsequent cooling
The transition between the YD and the Holocene is reflected by a
strong and rapid temperature increase at Greenland (Rasmussenet al., 2006), over Central Europe (Blaga et al., 2013), and in all
our reference time series (Fig. 2). The foraminifer-based tempera-
ture maximum at 10 ka BP (Fig. 3) is argued to reflect changes in
poleward ocean heat transport, related to a reorganization of AMOC
during the transition from the YD to the Holocene (Risebrobakken
et al., 2011).
Warmer than present SATs and SSTs, smaller glaciers, and
minimum sea-ice conditions characterize the early Holocene at
high northern latitudes, and this Holocene Thermal Maximum is
explained as a response to strong northern hemisphere summer
insolation (e.g., Calvo et al., 2002; Nesje et al., 2005; Sepp€a et al.,
2009; Andersson et al., 2010; Berner et al., 2011; Risebrobakken
et al., 2011). The timing and magnitude of the insolation-driven
Holocene thermal maximum show regional differences, probably
related to the variable influence of melting ice-sheets (e.g.,
Kaufman et al., 2004; Blaschek and Renssen, 2012). The Holocene
Thermal Maximum is followed by a cooling trend, also reflected by
gradually increasing sea ice cover (Jennings et al., 2002; Rasmussen
et al., 2007; Müller et al., 2012). The same long-term Holocene
trend, with a Thermal Maximum followed by gradual cooling, is
seen in the zonal mean 30e90N temperature stack of Marcott et al.
(2013).
The Holocene trends in both our SAT and alkenone tempera-
ture reconstruction follow the summer insolation forcing, while
the trend in the foraminifer temperature reconstruction does not
(Fig. 2). Different Holocene temperature trends in phytoplankton-
and zooplankton-based temperature reconstructions in the
Nordic Seas are noted in several studies, and probably relate to
the deeper and wider zooplankton habitat, and a broader tem-
poral zooplankton window of reproduction, relative to phyto-
plankton (Risebrobakken et al., 2003; Andersson et al., 2010;
Leduc et al., 2010; Risebrobakken et al., 2011). There is relatively
little seasonal variation in temperature below the summertime
mixed layer. Hence, even though the foraminifer calcifies during
summer, the implication is that the foraminifer-based recon-
struction should not be dominated by seasonality. The different
temperature response in surface and subsurface waters is seen in
several model studies (Liu et al., 2003; Andersson et al., 2010;
Risebrobakken et al., 2011; Blaschek and Renssen, 2012), and in
particular in observed hydrography at OWSM (Furevik et al.,
2002).
A retreating sea-ice cover, increased ocean heat transport and
intensified winter storm tracks over the northern seas are identi-
fied for themid Holocene in theMax-Planck coupled climatemodel
(Fischer and Jungclaus, 2010). The simulated heat transport in-
crease is caused by a strengthening of the baroclinic gyre circula-
tion in the Nordic Seas, and to some extent by increased wind stress
along the Norwegian coast. A PMIP2 mid-Holocene model inter-
comparison found only small changes in the NAO and mean sea
level pressure compared to pre-industrial. A small NAO þ like shift
in mean state is indicated, if anything (Gladstone et al., 2005). A
more NAO þ like mid-Holocene mean state has been suggested
based on, e.g., multi-proxy geochemical analysis from lake sedi-
ments sampled near Kangerlussuaq (Olsen et al., 2012), combined
isotope and foraminifer fauna data from the Norwegian Sea
(Risebrobakken et al., 2003), and increased winter precipitation
over Scandinavia (Nesje et al., 2005).
4.6. Late Holocene (LH 4 ka BP to present) e cold period
Relative to the early-to-mid Holocene, colder SAT and SSTs,
increased sea-ice cover, increased precipitation and larger glaciers
are reconstructed for the late Holocene (e.g., Berner et al., 2011;
Müller et al., 2012), and considered a response to the reduced
northern hemisphere summer insolation. Our alkenone and SAT
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et al. (2013).
Several studies of marine records from the Nordic Seas suggest a
late-Holocene shift towards larger amplitude and high frequency
variability (e.g., Jennings et al., 2002; Risebrobakken et al., 2003;
Kjennbakken et al., 2011), and major changes in sub-surface
ocean temperatures are seen during the last three millennia
(Andersson et al., 2003). Late-Holocene climate changes in the
northern North Atlantic have been attributed to changes in the
temperature and inflow of Atlantic Water to the region (e.g.,
Klitgaard-Kristensen et al., 2004; Eiriksson et al., 2006).
Several climate fluctuations occurred during the LH, including
the cold 2.7 ka BP event, the warm Medieval Climate Anomaly
(ca AD1000e1300), followed by the Little Ice Age
(ca AD1400e1800), and the late 19th century warming, amplified
during the late 20th/early 21st centuries (e.g., Jennings andWeiner,
1996; Andersson et al., 2003; Nesje et al., 2008; Hald et al., 2011;
Cunningham et al., 2013). The relatively short duration of these
climatic events prevents them from being clearly visible in our
synthesized and smoothed reference records (Fig. 2). They are,
however, all distinct in record 17 used in our reconstruction (Fig 5
and Table 1; Andersson et al., 2003). Proposed mechanisms for
these climate variations include both internal AMOC variability and
how AMOC relates to external forcing, such as total solar irradiance
(Renssen et al., 2006; Latif et al., 2009; Swingedouw et al., 2011)
and volcanic eruptions (Stenchikov et al., 2009; Otterå et al., 2010;
Miller et al., 2012; Zanchettin et al., 2012), including related sea-ice/
ocean feedbacks (e.g., Renssen et al., 2006; Miller et al., 2012). We
emphasize that the briefness of this summary of mechanisms is not
proportional to the rich body of literature that exists on LH climate
variability; the relative briefness simply reflects that the time scales
involved are short and largely unresolved in the context of the
paleo time span and scales synthesized herein (e.g., Fig. 2).
4.7. The instrumental record (1900e2010) e observed climate
The regional climate is relatively well observed going back
through the 20th century (Figs. 1 and 6). There is an established
record of annual Norwegian SAT based on meteorological stations
from 1900, and the Norwegian Sea is a well-sampled ocean due to
the early explorers of modern oceanography (e.g., Helland-Hansen
and Nansen, 1909), fisheries research, and decades of the ‘cold war’.
Overall, on multi-decadal time scales, both regional SAT and ocean
temperature (represented by the Kola section for the full time-
span) coincide with the global SAT e a general warming for the
first three decades, followed by essentially no trend between 1940
and 1980, and subsequently, a more pronounced warming. There is
additional and relatively dominant multiannual-to-decadal vari-
ability regionally; SAT variability reflects observed ocean temper-
atures in line with the understanding that anomalous ocean heat
projects on the atmosphere (e.g., Rhines et al., 2008; Gulev et al.,
2013). There is a correlation of 0.81 between 5-year low-pass
filtered Norwegian SAT and OWSM (and 0.79 for SAT and the Kola
section).
Estimates of Atlantic inflow volume and heat transport across
the GreenlandeScotland Ridge converge at ~8 Sv and ~300 TW
based on budget considerations (Worthington, 1970; Mauritzen,
1996a) and direct current measurements (Østerhus et al., 2005).
The instrumental record shows clear evidence of decadal variability
with a temperature range of about 1 C (e.g., Skagseth et al., 2008;
see also Fig. 6). Observed temperature (and salinity) anomalies of
the northern seas, including those of the overflows, have a common
source in the Atlantic inflow (e.g., Furevik, 2000; Polyakov et al.,
2005; Holliday et al., 2008; Skagseth et al., 2008; Eldevik et al.,
2009). The downstream propagation of anomalies is exemplifiedin Fig. 6 where the time series fromOWSM is shifted 2 years back in
time and overlaid by the inflow temperature (the lagged correlation
of the two low-pass filtered time series is 0.75). Recent studies to
explain the NwAC's variable strength or hydrography have
accordingly identified causal factors upstream in the Atlantic
proper. Marshall et al. (2001) introduced a conceptual framework
showing how changes in NAO-related forcing have a direct effect on
the Sverdrup circulation and accompanying hydrographic anoma-
lies in the North Atlantic Ocean. Directly linked to the Norwegian
Sea, Orvik and Skagseth (2003) found that the volume transport of
NwACwas related to the North Atlantic wind-stress curl, and Hatún
et al. (2005) showed that the temperature and salinity of the
Atlantic inflow to the Norwegian Seaweremodified by the strength
and extent of the Subpolar Gyre.
There is also a direct inflow response to the NAO-forcing, from
changes in the along-slope (-coast) winds acting on NwAC
(Skagseth et al., 2004; Furevik and Nilsen, 2005). When integrated
to annual scale based on sea level data, Richter et al. (2012) find the
response is notmore than ±1 Sv (cf. Fig. 6). Finally, there is evidence
for an eastward shift in the extent of Atlantic Water masses in
response to positive NAO forcing (Blindheim et al., 2000; Mork and
Blindheim, 2000; Richter and Maus, 2011). It nevertheless remains
a fact that the basic water mass distribution appears robust to
observed atmospheric variability.
In short, the instrumental record (Fig. 6) is consistent with a
Norwegian climate (SAT) that reflects the decadal variability of the
Norwegian Sea, where thermohaline anomalies travel the Norwe-
gian Atlantic Current, and the source of change can largely be found
in the Atlantic proper. The longer-term change is aligned with
observed trends in global SAT. In the instrumental record presented
herein (Fig. 6), Norwegian Sea temperatures and inferred NwAC
strength is generally anti-correlated (cf. Section 3.6). The result is a
relatively constant NwAC heat transport consistent with the ob-
servations of Orvik and Skagseth (2005) from the Svinøy section
(62N) for the period 1995e2004.
4.8. Projected 21st century warming
Analysis of instrumental observations of surface temperature
(Jones et al., 2012) and projected future global warming based on
state-of-the-art coupled climate models show the most pro-
nounced warming at high northern latitudes (Polyakov et al., 2002;
Overland et al., 2011; Stroeve et al., 2012). A key factor for this polar
amplification is the large fraction of land at mid and high northern
latitudes, which ultimately limits the ocean's ability to absorb and
store heat. Other factors, such as ice/snow and cloud albedo feed-
backs, are probably also important (Serreze and Barry, 2011).
According to dynamical downscaling of CMIP5 model output
over Europe for the business-as-usual scenario RCP8.5 used in IPCC
AR5, large parts of Northern Scandinavia are projected to warm
more than 4.5 C by the end of the century compared to 1971e2000
(Jackob et al., 2013). More specific projections for the Svalbard re-
gion suggest an annual mean warming from 1961e90 to
2071e2100 of about 0.6 C per decade, with even stronger warming
in winter (Førland et al., 2011).
The future evolution of the Atlantic inflow to the Nordic Seas
will likely be linked to projected changes in the AMOC. The climate
models that participated in CMIP3 and CMIP5 simulate a typical
century-scale decline in the maximum strength of the AMOC of
20e40% depending on the emission scenario (Schmittner et al.,
2005; Meehl et al., 2007; Weaver et al., 2012; Cheng et al., 2013).
This weakening is caused by changes in surface heat flux rather
than changes in the surface freshwater flux (e.g., Gregory et al.,
2005). The reduced ocean/atmosphere temperature contrast re-
duces the oceanic heat loss to the atmosphere. Consequently, the
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decline gradually throughout this century, moderating the human-
induced warming in the region.
Increased freshwater input to the northern seas is also typically
associated with projected global warming, but there is little
consensus concerning the sensitivity of AMOC and climate to this
input, at least for the present-day warm climate (Meehl et al., 2007;
Weaver et al., 2012). It should be noted that the climate models
participating in CMIP3/CMIP5 do not include an active ice-sheet
and therefore do not simulate the potential climate effect of
enhanced melting from, e.g., the Greenland ice sheet (e.g., Weaver
et al., 2012). Eldevik and Nilsen (2013) nevertheless find that the
present Atlantic inflow is relatively insensitive to anomalous
freshwater perturbations from combining their simple analytical
model of northern seas THC with observed climatology.
The Atlantic inflow to the Nordic Seas is importantly related to
North Atlantic wind forcing, and in particular to the NAO pattern as
described in Section 4.7. While the future projections of NAO in
CMIP2 and CMIP3 tended to showamore positive NAO in the future
(e.g., Stephenson et al., 2006), a more recent study based on CMIP5
models suggests a future tendency for more negative NAO (Cattiaux
et al., 2013). This would likely contribute to a reduced inflow to the
Nordic Seas, in particular for the eastern inflow branch. Finally, it
should be noted that multidecadal variations in Atlantic and Nordic
Seas SST are expected also in a warmer world (e.g., Otterå et al.,
2010; Booth et al., 2012; Cheng et al., 2013). Such variations may
play a key role in shaping the forthcoming, decadal-scale climate in
the northern seas.
The general picture that emerges for the future based on avail-
able model projections in the northern seas is generally in line with
what is depicted from the BCM A1B simulation in Fig. 7. That is: a
warming over Norway (that is stronger than the global mean, i.e.,
polar amplification) and a distinct, but less warming of the Nor-
wegian Sea accompanied by a gradual reduction in AMOC (not
shown) and the associated Atlantic inflow to the Nordic Seas.
5. Synthesis and discussion
Based on our reference time series (Figs. 2, 6 and 7) and the
review of northern maritime climate presented in Section 4, we
now proceed to synthesise the above into a coherent description of
present understanding of the northern seas' influence on regional
climate (and vice versa).
5.1. Northern climate change and mechanisms
The review of northern climate from the LGM to 2100 (Section 4
and references therein) points to several forcing mechanisms and
feedbacks that are suggested to explain northern climate change.
The explanations relate to the influence of insolation changes and
changes in total solar irradiance, volcanic eruptions, atmospheric
forcing, sea-ice conditions and AMOC variability. The climate re-
sponses to these depend on time scales and the background
climate.
Variations in insolation forcing have a direct influence on SAT
and SSTs, melting of ice sheets and sea ice, and seasonality. The
reconstructions of marine and terrestrial summer climate (alke-
none and pollen, respectively, in Fig. 2) are for example both
interpreted to reflect largely the changes in summer solar insola-
tion at high northern latitudes through the Holocene. The fora-
minifer temperatures (Figs. 2 and 4), on the other hand, cannot be
directly related to insolation changes, but have been suggested to
reflect changes in the strength of Atlantic inflow across the
GreenlandeScotland Ridge (Risebrobakken et al., 2011) or to reflect
a response to winter insolation (Moros et al., 2004).Variation in ocean circulation is commonly invoked to explain
change in the northern maritime climate. Both AMOC and the
Norwegian Atlantic Current are argued to have been reduced dur-
ing LGM (Section 4.1), shut down during HS1 (4.2), strong when
entering the Holocene (4.5), variable through the late Holocene
(4.6), and both AMOC and inflow reduction is projected for the
future (4.8). These changes are for example considered to be con-
nected to sensitivity to freshwater forcing of the deep-water for-
mation sites (HS1, 4.2, and YD, 4.4); a sudden exposure of
subsurface ocean heat (entering BA, 4.3, and Holocene, 4.5); a
response to changes in external forcing like volcanic eruptions or
total solar irradiance (late Holocene, 4.6); changes in North Atlantic
winds (present climate, 4.7); or reduced northern air-sea heat ex-
change with global warming (projected climate, 4.8).
5.2. A framework for estimating the strength of the Norwegian
Atlantic Current
In the following we outline an explicit and consistent frame-
work for diagnosing changes in Atlantic inflow that can be associ-
ated with reconstructed Norwegian Sea temperatures. The strength
of the Norwegian Atlantic Current can be modelled by a ‘mediter-
ranean circulation’ (a so-called negative estuary, e.g., Carmack,
2007; Knudsen, 1900; Rudels, 2010; Stigebrandt, 1985),
UT ¼ Q ; (1)
where U is the volume transport of the Atlantic inflow (and, by
continuity, of NwAC), and T and Q, respectively, are the temperature
decrease and heat loss to the atmosphere from inflow to the
northern latitude where NwAC subducts beneath polar waters.
Present observation-based estimates are an inflow of 8 Sv which
experiences an 8 K temperature decrease upon returning as cold
outflow, corresponding roughly to a 300 TW heat loss (cf. Fig. 1 and
Section 4.7). The conversion between heat and temperature flux,
the dimensional unit of relation (1), is that it takes 4 TW to cool 1 Sv
by 1 K.
The above describes a balance between heat convergence by
ocean advection and heat loss to the atmosphere. Changing heat
storage within the NwAC is thus neglected in the balance. This is
reasonable as the scope here is circulation change on centennial to
millennia time scales. An imbalance of 10 TW, 3% of the present
heat budget, corresponds to a warming of the entire Norwegian
Sea, from surface to abyss, by 4 K per century. The estimate (1) is
what results from Eldevik and Nilsen's (2013) more complete
analytical description of northern seas THC if one assumes that the
two outflows, the surface Polar Water with the East Greenland
Current and the dense overflow, are of similar cold temperature.
This is the case for present climate, and we are not aware of ar-
guments to the contrary from paleo-data.
We now proceed to convert equation (1) to a form where flow
strength can be inferred from reconstructed temperatures. A
simplifying characteristic of observed climatology is that zonal
mean NwAC temperature decreases at an approximately constant
rate with increasing latitude (Fig. 8), corresponding to a relatively
uniform heat loss. We therefore assume
Q ¼ qL; (2)
where q is the uniform heat loss (unit W m1), and L is the
meridional extent of the Atlantic domain. The above in particular
implies that if DT is the variable temperature decrease over the
fixed latitudinal range DL, then
DT
DL
¼ T
L
: (3)
Fig. 8. Observed temperature climatology of the Norwegian Sea as a function of latitude (left panel), and the idealized linear temperature profile assumed for diagnosing paleo
inflow (right panel; see Section 5.2 for further details). The climatology is concerned with Atlantic Water (salinity > 35) and taken from the NISE database (1949e2008; Nilsen et al.,
2008; see also Fig. 1).
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T ¼ T0 þ T', and so on, where subscript 0 refers to a fixed reference
and prime refers to deviations from this reference state e e.g.,
paleo-proxy anomalies relative to present climate. The strength of
Atlantic inflow can then from (1) be modelled as
U ¼ qDL
DT
¼ U0
1þ q0q0
1þ DT 0=DT0
; U0 ¼
q0DL
DT0
: (4)
This diagnostic relation, based on the first principle of heat
conservation, describes how a stronger flow e from shorter resi-
dence time e corresponds to less temperature decrease if there is
not a proportional increase in heat loss.
To avoid unrealistically large or singular flow estimates, we
linearize equation (4) with respect to DT
0
,
U ¼ U0

1þ q
0
q0

1 DT
0
DT0

: (5)
This estimate is non-singular and consistent with the original
relation (4) with respect to the qualitative sensitivity to changing
temperatures; estimated large deviations from the reference
transport are biased low (high) for negative (positive) anomalies
compared to (4). The low bias is the desired “robustness” intro-
duced by the linearization at the cost of mathematical accuracy.
The reconstructed inflow and central Norwegian Sea tempera-
tures (site 15 and sites 16/17 combined) constitute a proxy for DT'
(Fig. 9). The separation of sites is about DL ¼ 5$105m, and the
present temperature decrease is DT0 ¼ 1.5 K (cf. Figs. 1 and 8). As
seen in Fig.1, there are also substantial zonal temperature gradients
associated with the NwAC (and the sites 15e17). The NwAC and its
frontal structure are however largely guided by bottom topography,
particularly for the inner branch (Orvik and Niiler, 2002; Nøst and
Isachsen, 2003; Skagseth et al., 2004), justifying the proxy relation.
An influence of frontal excursions in reconstructed temperaturescan nevertheless not be excluded (Richter and Maus, 2011;
Risebrobakken et al., 2011).
A common parameterization of heat loss is to assume a linear
scaling with airesea temperature difference (e.g., Haney, 1971). In
the present case, where the focus is on change rooted in the ocean
(and reconstructed annual mean air temperatures are lacking), we
neglect the contribution from changing SAT and assume
q0
q0
¼ gT 0 ; (6)
where T0 is anomalous inflow temperature and g a constant scaling
factor. The resultant strength of the Norwegian Atlantic Current
according to equation (1) is shown in Fig. 9, both for a uniform heat
loss that is also assumed constant in time (g¼ 0), and for a heat loss
that accommodates weak inflow during LGM (g¼ 0.1 K1). The two
cases are consistent with respect to periods of increase (or
decrease) in inflow, but the magnitude of change in the former is
generally much more pronounced, and it levels less off going back
in time from the Holocene to the LGM.5.3. The paleo-review revisited
To first order, there seems to be a rather good agreement be-
tween the diagnosed strength of the inflow (Fig. 9) and change in
inflow as discussed in the literature, the latter often based on the
assumption that warmer ocean temperatures imply a stronger
current (e.g., Risebrobakken et al., 2011). As reviewed in Section 4,
the inflow of Atlantic Water to the Nordic Seas is argued to have
been weaker than present through the LGM, HS1, BA and YD,
consistent with our diagnosis. Similarly, there are arguments that a
reorganization of the ocean circulation occurred during the tran-
sition between the YD and the Holocene, with a maximum
advection of heat in the early EMH (Risebrobakken et al., 2011). The
Fig. 9. Atlantic inflow inferred from reconstructed temperatures. The panels are foraminifer-based reconstructions of Norwegian Sea temperatures (sites 15 and 16/17, cf. Fig. 1 and
Table 1; upper), and the consequent anomalous meridional temperature difference and proportional Atlantic inflow (thin blue curve, lower; cf. equation (5)). The thick black curve is
the diagnosed inflow that also includes the contribution from a variable heat loss (per unit distance) to the atmosphere (cf. equation (6)). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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inflow of Atlantic Water has been variable through the Holocene,
and that the inflow consistently has been stronger than prior to the
final deglaciation, in line with our diagnosis.
If we look at the diagnosed inflow (Fig. 9) in more detail, there
are inconsistencies between our estimate and implications from
literature. The literature in particular suggests larger differences
between LGM, HS1, BA and YD inflow strength than diagnosed,with LGM indicated to have a less weak AMOC than HS1. The LGM
and HS1 are associated with a seasonal sea-ice cover and colder
conditions than during BA, when AW has been traced all the way
north to the Fram Strait (Section 4). A stronger inflow would
thereforemaybe have been expected for BA, and to some degree for
LGM, compared to HS1. A stronger LGM and BA inflow than during
HS1 and YD would also be in line with the Northern Hemispheric
temperatures and AMOC estimates of Shakun et al. (2012).
T. Eldevik et al. / Quaternary Science Reviews 106 (2014) 225e246 241However, no sites from the northern seas are included in their
study, and the literature does imply that, e.g., the northernmost
traces of AW are deeper in the water column during BA (Section
4.3).
Two other inconsistencies with previously inferred inflow relate
to the timing of the EMH inflow maximum and the larger-than-
present inflow diagnosed between 9 and 5 ka BP (Fig. 9). These
inconsistencies can be explained by uncertainties in age control
and the magnitude of reconstructed temperature anomalies at in-
dividual sites. The diagnosed peak in inflow at the transition to the
Holocene is in linewith arguments for maximum advection at 10 ka
BP causing the general maxima in foraminifer temperatures (Sec-
tion 4.5; Figs. 2 and 5). However, our maximum occurs a little
earlier as the diagnosed inflow scales with the northern tempera-
ture gradient and not only temperature (equation (1)). The different
timing is thus what is implied by the reconstructed temperature
gradient. But given the rapid deglaciation, the estimate of the
gradient is very sensitive to any uncertainties in absolute age es-
timates that could result in a premature reconstructed warming of
the northern site prior to the southern (Fig. 9). For the period 9 to 5
ka BP, it has previously been questioned whether the reconstructed
temperatures are representative of meridional temperatureFig. 10. Northern maritime climate from the LGM to the end of the 21st century. Time series
as reconstructed, observed, and projected. Note that the time scale is compressed by a factor
refer to these for further details. (For interpretation of the references to colour in this figurcontrasts, a basis for our diagnosis; reconstructed anomalies im-
plies a northern site that throughout the period is consistently e
and unrealistically e warmer than the heat source, the Atlantic
inflow (Risebrobakken et al., 2011).
On a more general level with respect to making inference on
THC strength, there is apparently a conceptual inconsistency in the
literature related to open ocean convection. The conversion and
overturning of buoyant surface flow into dense water currents at
depth have commonly been associated with open ocean convection
(Nansen, 1906; Marshall and Schott, 1999; Rahmstorf, 2002). Con-
vection, for example in the Greenland Sea, is therefore generally
described and assessed as a critically limiting factor for THC,
including NwAC (e.g., Aagaard et al., 1985; Hansen et al., 2001). The
concept has been invoked to understand a changing AMOC in
general, including possible future climate change, and variability
and abrupt change between and within reconstructed paleo cli-
mates (e.g., Rahmstorf, 2002; Bryden et al., 2005; Dong and Sutton,
2005).
The above paradigm, originally rooted in the instrumental re-
cord, nevertheless appears at odds with the present oceanographic
literature. It is now known that the process of open ocean con-
vection per se cannot be associated with large-scale net sinking ofare land (red) and ocean (blue) temperatures, and the strength of Atlantic inflow (black)
1:200 for reconstructed climate. The figure is a composite of Figs. 2, 6, 7 and 9; please
e legend, the reader is referred to the web version of this article.)
T. Eldevik et al. / Quaternary Science Reviews 106 (2014) 225e246242water masses (e.g., Spall and Pickart, 2001; Straneo, 2006). It has in
particular been observed that a previously inferred causality
(Hansen et al., 2001) between northern deep ventilation and dense
overflow from the Nordic Seas does not hold (Olsen et al., 2008).
Furthermore, water-mass transformation and ocean heat loss are
predominantly associated with the gradual cooling of boundary
currents, i.e., with NwAC for the case of the Nordic Seas (e.g.,
Mauritzen, 1996b; Isachsen et al., 2007). The distinct downstream
cooling through the Norwegian Sea is the observational manifes-
tation of this process (cf. Figs. 1 and 8; the left hand side of the
diagnostic relation, equation (1), is a quantification of this cooling).
We emphasize that the above does not imply convection to be
unrelated to THC; in the absence of Atlantic inflow, there can be no
deep (thermal) convection in the Greenland Sea.
5.4. The northern seas from Last Glacial Maximum to global
warming
Land and ocean temperature records have been compiled and
presented for past, present, and future climate (Figs. 2, 6 and 7).
There are corresponding observation- and model-based time series
of Atlantic inflow volume transports in the latter two cases. An
inflow quantitatively consistent with reconstructed ocean tem-
peratures is diagnosed as described in Section 5.2 (Fig. 9; the case
g¼ 0.1 K1 is included in the following). The resulting composite of
northern maritime climate is presented in Fig. 10. We believe this
description to be rather unique, both with respect to the relative
completeness of the paleo record, and to the unified documenta-
tion of past, present, and future climate variability. Note however
that whereas the transient structures of present and future are
directly comparable, this does not apply for their comparison with
the past. The temporal range of the former two records is shorter
than the temporal resolution of the synthesized reconstruction.
This caveat is fundamental, but not specific to the present assess-
ment; it is generic to the interpretation of observed climate on the
background of the reconstructed past (and vice versa).
6. A brief history of climate
An ocean-based summary of our review and consequent syn-
thesis is visualized in Fig. 10 (notwithstanding the caveats with
respect to, e.g., proxy interpretation, Sections 5.2 and 5.3, and the
different time scales considered, Section 5.4). The strength of the
Atlantic inflow e and by continuity that of the Norwegian Atlantic
Current e may explain reconstructed temperatures when diag-
nosed according to the conservation of heat. The inflow is esti-
mated to be relatively marginal during the cold millennia, and then
to shift to a mean level like the present to accommodate Holocene
conditions in the northern seas region (Sections 5.2 and 5.3). The
projected future is qualitatively different. Under global warming,
the inflow is weakening to accommodate less poleward heat
transport and, consistently, less temperature contrast between the
warming ocean and atmosphere (Section 4.8). The instrumental
record is again different; the atmosphere in general reflects
anomalous ocean temperatures provided by an anti-correlated
inflow suggesting a relatively constant poleward heat transport
(Section 4.7). Onemay however speculate that the (slightly) weaker
inflow with recent ocean and land warming (from about 1990, cf.
Fig. 10) is evidence of a present climate that is becoming qualita-
tively like the projected climate.
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